Organic semiconductor (OSC) materials are the essential component in various emerging applications, including organic field-effect transistors (OFETs), organic light-emitting diodes (OLEDs), and organic photovoltaics (OPVs). In all of these devices, the efficient charge transport across the metal-semiconductor (M/S) interfaces determines the device performance to a great extent, for example the on-state current and the transit frequency of transistors, the external quantum efficiency (EQE) of OLEDs, and the power conversion efficiency of solar cells. Generally, when the metal forms a contact with the semiconductor, a Schottky barrier is usually induced due to the misalignment between the metal work function and the transport energy levels in the semiconductor, and this Schottky barrier blocks the current flow across the metal-semiconductor interface to a certain extent.
near the dielectric-semiconductor interface. 6 In the staggered structure devices, the contact resistance is the combination of two major components: (i) the resistance close to the M/OSC interface (referred to as Rint), and (ii) the resistance across the OSC layer (namely the access resistance Ra). 7 Unlike amorphous thin films, crystalline organic semiconductor with regular lattice structure and molecularly flat surfaces are excellent candidates to develop well-defined interfaces with the metal electrodes. 8, 9 Several approaches have been studied to improve the Rint in OFETs, including tuning the work function of metal electrodes by using oxidation, 10 forming self-assembled monolayers treatments or inserting thin layers with large dipole moments [11] [12] [13] [14] , and employing thin insulator layers for Fermi-level depinning. 15, 16 On the other hand, the tunability of Ra is generally weaker as it would rapidly increase with the number of MLs in the semiconductor. 11 Due to the potentially large density of trap states and defects, it is generally believed that OFETs with a monolayer channel would have lower performance than devices with thicker channels ranging in thickness from a few to tens of MLs. 13 However, if the defects or traps in the organic crystals are well controlled during the deposition and become negligible, in principle, organic single crystals with monolayer (1L) thickness and excellent inplane crystallinity should be the ultimate solution for the OFETs with low resistance Ohmic contacts.
In this work, solution-processed 1L-crystals of 2,9-didecyldinaphtho(2, OFETs was further studied. A high on-current density of 4.2 μA/μm is achieved by the 1L-OFETs, with significant velocity saturation and channel self-heating effects.
Results

Contact resistance of 1L and 2L-OFETs
Large-area solution-deposition of 1L and 2L (dual-layer) C10-DNTT crystals was performed by a solution shearing method similar to our previous publications 17, 18 . With precise control of the temperature (from 60 to 65 o C) and the shearing speed (from 2 to 3 μm/s), 1L and 2L crystals with single-crystalline domains extending over several millimeters can be achieved.
The transferred-electrode OFETs utilized in the current work have a short channel length down to 2 µm. All devices studied in this paper, unless specifically mentioned, are fabricated so that the lateral charge transport occurs along the a-axis (the high-mobility axis) of the crystals. The detailed methodology in determining the a-axis of the crystals by cross-polarized optical microscopy (CPOM) is described in Fig. S1 . The Au source and drain electrodes were predeposited onto an OTS-treated SiO2 surface and mechanically transferred from there onto the organic-semiconductor surface. Transistors with channel lengths ranging from 8 µm to 53 µm were defined by the transferred Au electrodes on the single-crystalline domains of 1L ( Fig. 1A and B) and 2L ( Fig. 1F and G) crystals to facilitate transmission line method (TLM) measurements in order to evaluate the contact resistance. Prior to the electrical measurements, these regions of the OSC were isolated from the excess regions to avoid errors in the TLM fitting caused by the drain-source fringe current and the gate-source leakage current. 19 Comparisons on transfer properties were made on the OFETs with shortest channel length for the 1L (8 μm channel length) and 2L-devices (9 μm channel length). Transfer curves in the linear regime of operation were measured at VDS = -1 V and showed subthreshold swings of 370 and 366 mV/dec for 1L and 2L-devices, respectively. The on/off ratios are in the order of 10 6 , and the hysteresis is 0.47 V and 0.51 V (Fig. 1C and H) , respectively. The governing equation for the TLM method is shown in Equation 1.
The width-normalized total resistance (Rtotal·W) as a function of the channel length On the other hand, the μ0 shows no strong dependence on the gate bias and is essentially constant at 12. This observation confirms the advantages of using high-quality monolayer OSC crystals in staggered OFETs.
The major benefit of using transferred Au electrodes is to minimize the damage to the ultrathin semiconductor crystals during the metal-deposition process. The uniqueness of the metal transfer method applied on the solution-processed 1L-C10-DNTT can be seen in Fig. 2 by comparing the apparent mobilities of monolayer OFETs and multilayer OFETs (ML number ³ 2) fabricated using the same semiconductor. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] The apparent mobility values of the our devices were calculated from the 1L and 2L-devices with 53-μm channel length. As the thermal damage in the active layer is eliminated, the monolayer and multilayer (2L case in our study)
OFETs with the transferred electrodes show almost identical mobilities. Results of a TLM study on 1L-OFETs with thermally evaporated Au electrodes are summarized in Section S1
and Fig. S2 . The damage on the organic-semiconductor crystals by the thermally evaporated metal induces a large Rc that renders the TLM invalid. Besides eliminating the thermal damages, a high μ0 is also essential in suppressing the Rc of OFETs; this can be confirmed by the negative correlation between μ0 and Rc seen in Fig. S3 . 19, [30] [31] [32] [33] [34] The outstanding μ0 and Rc values suggest our solution-sheared 1L-crystals and transferred electrodes can be a promising technique for the fabrication of high-performance OFETs.
Rc dependency on VDS and temperature
Thermionic emission and field emission are the two major mechanisms for charge injection across a metal-semiconductor interface, which lead to Schottky contacts and Ohmic contacts, respectively. 35 In the scenario of thermionic emission, increasing VDS can enhance the bandbending and lower the contact resistance. As a result, the saturation mobility (i.e., the apparent mobility at high VDS) is typically larger than the linear mobility (i.e., the apparent mobility at low VDS) for OFETs with such contacts. 1, 4 Similarly, when the temperature increases, the thermionic emission over the barrier would also be increased and thus lead to a negative correlation between the Rc and T. The thermal activation can be extracted from a temperaturedependent measurement in the case of thermionic emission. In the present 1L-devices, the TLM measurements were conducted from VDS = -1 V to -1 mV and temperature from 340 K to 100 behave as a tunneling barrier layer and reduce the pinning effect. 16 With the carriers injected and extracted mostly by field emission, the Ohmic contacts of the 1L-devices can be verified.
Low drain-source operating power of 1L-OFET
Low-resistance Ohmic contacts can lead to low drain-source operating voltage, which is critical for portable and wearable electronics. As low-dielectric-constant and relatively thick (300 nm) SiO2 were employed for the current study, we thus only focus on the power dissipation between the drain-source electrodes while operating the 1L-OFETs. (peak to peak voltage) of 0.5 mV to 100 mV and f from DC to 10 kHz. 36 The low-power AC behavior of the 1L-OFET was evaluated by applying sine waves generated using a function generator between the source and drain contacts, with Vp-p ranging from 10 mV to 1 V and f from 1 Hz to 1kHz ( Fig. 4D and E) . The small AC signals successfully induce the corresponding AC current in the device. 75 Ohm·cm has minor contributions of 1.8%, 5.2%, and 7.3%, respectively. We then performed atomic force microscopy (AFM) on the channel region of a device with a channel length of 8 μm before and after operating the devices with large drain currents (Fig. S18) to confirm that the 1L-crystals were not damaged by the high current.
The large discrepancy between the measured and the simulated drain currents occurs primarily when VDS is large and the channel length is small, i.e., for large lateral electric fields (F). For VDS = -1 V, we calculated the lateral electric fields of 0.007, 0.12 and 0.5 V/μm for the devices with channel lengths of 140 μm, 8 μm and 2 μm, respectively, and for VDS = -80 V, we calculated E = 0.57 V/μm for the device with a channel length of 140 μm; for these small electric fields the agreement between the measured and the simulated drain currents is good.
However, for the 8-μm device at VDS = -60 V (F = 7.5 V/μm), the measured ID/W deviates from the calculation (Fig. 5F ). And the 2-μm device at VDS = -40 V (F = 20.0 V/μm) shows an even larger deviation (Fig. 5G) . It is understood that the velocity saturation effect of FETs will occur at high lateral field and high current density. The drift velocity of the carriers stops to increase at higher lateral field and becomes saturated, so that the actual ID/W and apparent mobility decrease from the theoretical value. Based on Eq. 3, the drift velocity (vd) of the device with channel length of 8 μm can be calculated from the ID output curve at VG = -80V (Fig. S19) . The
Qeff represents the averaged density of the accumulated charges and can be calculated by Eq.
4. The VTH value is extrapolated from the linear transfer curve (Fig. S19) . Finally, the vd is plotted against the applied lateral field (excluding the potential drop at the contacts) in Fig. 5H .
To test whether carrier-velocity saturation indeed occurs in our devices, the Coughey-Thomas (Eq. 5) model, which is widely adopted to described the velocity saturation effect, is applied to fit the data. 
The Ci (areal capacitance) and W (channel width) are 11.5 nF/cm 2 and 200 μm. A vsat value of 6.08 ± 0.03 ´ 10 4 cm/s at 340 K was acquired from the fitting (Fig. 5H) . The velocity value is ~2 orders smaller than those for inorganic semiconductor materials (e.g. 0.7-1.0 ´ 10 7 cm/s for Silicon, 3.4 ´ 10 6 cm/s for 1L-MoS2). 37, 38 The fitted low-field mobility (μLF) is 13.5 ± 0.54 cm 2 V -1 s -1 , which agrees well with the intrinsic mobility value measured at VDS = -1 V (Fig. 1G ).
The fitted γ at 340 K is 1.49 ± 0.06, and, as a comparison, the γ of Si is ~2 for electrons and ~1
for holes. For the same device test at 100 K, an increase in the vsat is observed (9.26 ± 0.15 ´ 10 4 cm/s). Given the more negative VTH (-21 V and -11.5 V at 100 K and 340K respectively in Fig. S19A) , the Qeff at 100 K should be lower than at 340 K. However, the output current at 100 K (Fig. S19D ) is even larger than at 340 K (Fig. S19C) . It suggests lower temperature is beneficial for higher vsat and thus higher current, which is in agreement with the studies on Si and MoS2 semiconductor. 37, 38 Since the vsat of an OFET device is related to the temperature, the high-current operation of an OFET may induce a channel self-heating effect and in-turn limit the current from increasing any more. It is thus critical to know the temperature of the channel during operation. Take the 8-μm device for example, as the channel dimension is 200 ´ 8 μm 2 , it is difficult for typical thermocouple measurement or infrared mapping. The finite element model for heat transfer is thus utilized to back out the temperature during operation (Fig. 6A) . The detailed modeling parameters can be found in Section S2. For the 8-μm device operated at VDS = -60 V and ID/W = 4.2 μA/μm (corresponding to Pchannel = VDSID/WL = 31.3 W/mm 2 ), the ∆T of the channel is up to 14.53 K (Fig. 6B and C) . On the contrary, the ∆T is only 0.034 K at VDS = -1V (Fig. S20) , which can explain why the linear operation of the 8-μm device agrees well with the standard model, but the saturation operation does not. As a comparison, we employed a micro-thermocouple to record the real-time temperature of a 1L-OFET operated at high current densities (Fig. S21) . Despite the large thermal mass effect of the thermocouple, obvious ∆T is observed at high VDS bias (-40 V and -10 V). On the other hand, the low VDS (-1 V) bias does not induce readable ∆T to the thermocouple.
As shown in Eq. 3, when velocity saturation occurs, the ID of an FET is limited by vsat instead of μ0 or L. In fact, further shortening the L may lead to a larger Pchannel and thus a more significant self-heating effect. Since the vsat is found negatively correlated with T, shortening the L may possibility decrease the ID rather than increase it. The simulated ∆T of the 2-μm device is 17.75 K (at VDS = -40 V), higher than the case of 8-μm device. To a certain extent, the self-heating effects limits the achievable ID/W of OFETs. It is noteworthy the ∆T is simulated based on single device. The heat accumulation will become more severe when we try to down-scale the OFETs and put more devices together. As the channel length is decreased to 100 nm and maintained the same power density (Pchannel = 31.3 W/mm 2 ), the heat accumulation of the 250 devices makes the temperature increase for 86 K, i.e. 5.9 times of the single device case ( Fig. 6D and E) . It suggests there will be a great challenge when large number of high-performance short-channel devices are integrated together. More importantly, the heating effect is evaluated on SiO2/Si substrate with a high thermal conductivity (kSiO2 = 1.4 W/mK, kSi = 130 W/mK), i.e. good heat dissipation property. By replacing the SiO2/Si substrate with 5-μm-thick poly(ethylene paraphthalate) (PET, kPET = 0.4 W/mK), the DT is over 6 times more significant compared with the SiO2/Si case (Fig. 6F) . Even with high-mobility crystals and ohmic contact, the channel self-heating effects will limit the current to only 1/6 of the value on SiO2/Si substrate, just because the heat generated during operation cannot be dissipated. It is thus of great importance to study the electro-thermal properties and behaviors of OFETs before the realization of practical high-performance flexible electronics.
Conclusion
In conclusion Before the electrode deposition or transfer, the 1L-crystals were transferred into a glovebox (water and oxygen content lower than 1 ppm, MBraun) and heated to 80 o C for 15 min.
Transfer of Au electrodes
The Au electrodes (180 nm thick) were formed by thermal evaporation on OTS-treated 
